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Learning Objectives
Use a data fusion and machine learning approach to suppress false arrhythmia
alarms.
This case study introduces concepts that should improve understanding of the
following:
1. Extract relevant features from clinical waveforms.
2. Assess signal quality of clinical data, and
3. Develop a machine learning model, train and validate it using a clinical
database.
27.1 Introduction
Modern patient monitoring systems in intensive care produce frequent false alarms
which lead to a disruption of care, impacting both the patient and the clinical staff
through noise disturbances, desensitization to warnings and slowing of response
times [1, 2]. This leads to decreased quality of care [3, 4], sleep deprivation [1, 5, 6],
disrupted sleep structure [7, 8], stress for both patients and staff [9–12] and depressed
immune systems [13]. Intensive care unit (ICU) false alarm rates as high as 90 %
have been reported [14], while only 8 % of alarms were determined to be true alarms
with clinical signiﬁcance [15] and over 94 % of alarms may not be clinically
important [16]. There are two main reasons for the high false alarm rate. One is that
physiological data can be severely corrupted by artifacts (e.g. from movement),
noise (e.g. from electrical interference) and missing data (e.g. from transducer ‘pop’
leading to impedance or pressure changes and a resultant signal saturation).
Figure 27.1 illustrates the bedside monitor ‘waveforms’ (or high resolution data)
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recorded around a false ventricular tachycardia alarm (the vertical line indicates the
moment at which the monitor triggered the alarm). The alarm is caused by signiﬁcant
noise affecting the electrocardiogram (ECG) leads. However, the regular pulsatile
beats present in the arterial blood pressure (ABP) lead clearly indicate this is a false
alarm (since the poor pump function during this arrhythmia should cause a signif-
icant drop in pulse amplitude and an increase in rate). The other reason for the high
rate of false alarms is that univariate alarm algorithms and simple numeric thresholds
are predominantly used in current clinical bedside monitors. The reason for this is an
historical artifact, in that manufacturers have developed different embedded systems
with bespoke hardware and single mode transducers. Univariate alarm-detection
algorithms therefore consider a single monitored waveform at a time. The alarm is
generally triggered when a variable (e.g. heart rate) derived from the waveform (e.g.
ECG) is above or below a preset (or adjustable) threshold for a given length of time,
regardless of whether the change is caused by a change in physiological state, by an
artifact or by medical interventions, such as moving or positioning the patient,
drawing blood and flushing the arterial line, or disconnecting the patient from the
ventilator for endotracheal suctioning. Moreover, alarm thresholds are often adjusted
in an ad hoc manner, based on how annoying the alarm is perceived to be by the
clinical team in attendance. There is little evidence that alarm thresholds are opti-
mized for any population or individual, particularly in a multivariate sense.
Various noise cancellation algorithms such as median ﬁltering [17] or Kalman
ﬁltering [18] have been used to suppress false alarms. While transient noise can be
removed by median ﬁltering it is brutally non-adaptive. Kalman ﬁltering, on the
other hand, is an optimal state estimation method, which has been used to improve
heart rate (HR) and blood pressure (BP) estimation during noisy periods and
Fig. 27.1 False ventricular tachycardia alarm, ‘called’ at the point where the vertical line is placed
in a 30 s snapshot of two leads of ECG (ECGII an ECGIII) and an arterial blood pressure signal
(ABP). The alarm is triggered by the strong noise manifesting as high amplitude (±2 mV)
oscillations on the ECG at approximately 5 Hz beginning a little over halfway through the
snapshot (and a little under 10 s from the vertical VT marker). Note that the ABP continues as
normal, with no signiﬁcant change in rhythm or morphology
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arrhythmias [18]. However, alarm detection has changed little in decades, with the
univariate alarm algorithm paradigm persisting. A promising solution to the false
alarm issue comes from multiple variable data fusion, such as HR estimation by
fusing the information from synchronous ECG, ABP and photoplethysmogram
(PPG) from which oxygen saturation is derived [18]. Otero et al. [19] proposed a
multivariable fuzzy temporal proﬁle model which described a set of monitoring
criteria of temporal evolution of the patient’s physiological variables of HR, oxygen
saturation (SpO2) and BP. Aboukhalil et al. [14] and Deshmane [20] used syn-
chronous ABP and PPG signals to suppress false ECG alarms. Zong et al. [21]
reduced false ABP alarms using the relationships between ECG and ABP. Besides
calculated physiological parameters, signal quality indices (SQI), which assess the
waveform’s usefulness or the noise levels of the waveforms, can be extracted from
the raw data and used as weighting factors to allow for varying trust levels in the
derived parameters. Behar et al. [22] and Li and Clifford [23] suppressed false ECG
alarms by assessing the signal quality of ECG, ABP and PPG. Monasterio et al.
[24] used a support vector machine to fuse data from respiratory signals, heart rate
and oxygen saturation derived from the ECG, PPG, and impedance pneumogram,
as well as several SQIs, to reduce false apnoea-related desaturations.
27.2 Study Dataset
A dataset drawn from PhysioNet’s MIMIC II database [25, 26] was used in this
study, containing simultaneous ECG, ABP, and PPG recordings with 4107 multiple
expert-annotated life-threatening arrhythmia alarms [asystole (AS), extreme
bradycardia (EB), extreme tachycardia (ET) and ventricular tachycardia (VT)] on
182 ICU admissions. A total of 2301 alarms were found by selecting the alarms
when the ECG, ABP and PPG were all available. The false alarm rates were 91.2 %
for AS, 26.6 % for EB, 14.4 % for ET, and 44.4 % for VT respectively, and 45.0 %
overall. The ICU admissions were divided into two separate sets for training and
testing, ensuring that the frequency of alarms in each category was roughly equal
through frequency ranking and separating odd and evenly numbered signals.
Table 27.1 details the relative frequency of each alarm category and their associated
true and false alarm rates. The waveform data from 30 s before to 10 s after the
alarm were extracted for each alarm to aid expert veriﬁcation (since the Association
for the Advancement of Medical Instrumentation (AAMI) guidelines require an
alarm to respond within 10 s of the initiation of any alarm event [27]). A consensus
of three experts was required to label each alarm as true or false. Only data from
10 s before the alarm to the alarm onset were used for automated feature extraction
and model classiﬁcation.
Since the VT alarm was considered the most difﬁcult type of false alarm to
suppress, with an associated low false alarm reduction rate and high true alarm
suppression rate in literature [14, 20–23, 28], we therefore focus on reducing this
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false alarm for the rest of the chapter. Interested readers are directed to Li and
Clifford [23] for methods to reduce false alarms on the other types of alarms.
27.3 Study Pre-processing
In total 147 features and SQI metrics were extracted from ECG, ABP, PPG, and
SpO2 signals within the 10 s analysis window. These features were generally
chosen based upon previous research by the authors and others [14, 20–24, 28–32].
The typical features included HR (extracted from ECG, ABP, and PPG), blood
pressure (systolic, diastolic, mean), oxygen saturation (SpO2), and the amplitude of
PPG. Each feature had ﬁve sub-features calculated over the 10 s window: including
the minimum, maximum, median, variance, and gradient (derived from a robust
least squares ﬁt over the entire window). Besides the typical features, the area
difference of beats (ADB), the area ratio of beats (ARB) in the ECG, ABP and PPG
and thirteen ventricular ﬁbrillation metrics (taken from [29]) were also extracted.
The area of each beat was deﬁned to be the area between the waveform and the
x-axis, from the start of the ECG beat to 0.6 times of mean beat-by-beat interval
(BBi). Note the start of the ECG beat was taken as the position of R peak—
0.2 * BBi. The ADB was calculated by comparing each beat to the median of the
beats in the window, as shown in Fig. 27.2. The ADB used four sub-features; the
mean ADB of ﬁve beats with the shortest beat-to-beat intervals, the maximum of
mean ADB of ﬁve consecutive beats, the variance and gradient of ADB. The ARB
used ﬁve sub-features; the ratio between the mean area of ﬁve smallest beats and
ﬁve largest beats of the ECG (ARBECG), ABP (ARBABP), and PPG (ARBPPG), the
ratio between ARBECG and ARBABP, and the ratio between ARBECG and ARBPPG.
The description of the thirteen ventricular ﬁbrillation metrics can be found in Li
et al. [29], and included spectral and time domain features shown to allow highly
accurate classiﬁcation of VF. The ECG SQI metrics included thirteen metrics [30],
based on standard moments, frequency domain statistics and the agreement between
event detectors with different noise sensitivities. The ABP SQI metrics included a
signal abnormality index with its nine sub-metrics [31] and a dynamic time warping
Table 27.1 Distribution of alarms in the dataset and training and test set
Alarm
type
Total Training set Test set
False True Total FA
rate
(%)
False True Total FA
rate
(%)
False True Total FA
rate
(%)
AS 260 25 285 91.2 166 14 180 92.2 94 11 105 89.5
EB 62 171 233 26.6 58 108 166 34.9 4 63 67 6.0
ET 37 220 257 14.4 19 116 135 14.1 18 104 122 14.8
VT 677 849 1526 44.4 306 478 784 39.0 371 371 742 50.0
All 1036 1265 2301 45.0 549 716 1265 43.4 487 549 1036 47.0
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(DTW) based SQI approach with its four sub-metrics [32]. The DTW based SQI
resampled each beat to match a running beat template by derived using the DTW.
The SQI was then given by the correlation coefﬁcient between the template and
each beat. The PPG SQI metrics included the DTW-based SQIs [32] and the ﬁrst
two Hjorth parameters [20] which estimated the dominant frequency and
half-bandwidth of the spectral distribution of PPG. While these do not necessarily
represent an exhaustive list of features, they do represent the vast majority of
features identiﬁed as useful in previous studies.
27.4 Study Methods
A modiﬁed random forests (RF) classiﬁer, previously described by Johnson et al.
[33], was used. The RF [34] is an ensemble learning method for classiﬁcation that
constructs a number of decision trees at training time and outputs the class that is
the mode of the classes of the individual trees. The basic principle is that a group of
“weak learners” can come together to form a “strong learner.” RFs correct for
decision trees’ defects of overﬁtting and adding bias to their training set. Each tree
selects a subset of observations via two regression splits. These observations are
Fig. 27.2 Example of area difference of beats calculation. a ECG in a 10 s window. b The median
beat of the beats in the window (gray area shows the area between the waveform and the x-axis).
c ADB of a normal beat (the ﬁrst beat, gray area shows the ADB). d ADB of an abnormal beat (the
last beat)
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then given a contribution equal to a random constant times the observation’s value
for a chosen feature plus a random intercept. The contributions across all trees are
summed to provide the contribution for a single “forest,” where a “forest” refers to a
group of trees plus an intercept term. The predicted likelihood function output
(L) by the forest is the inverse logit of the sum of each tree’s contribution plus the





tið Þ  log logit1 sið Þ
  1 tið Þ  log 1 logit1 sið Þ
   ð27:1Þ
where ti is the target of the training set, si is the sum of tree’s contribution, i = 1…
N is the number of observations in the training set.
The core of the new RF model we used is the custom Markov chain Monte Carlo
(MCMC) sampler that iteratively optimizes the forest. This sampling process
constructs the Markov chain by a memoryless iteration process which selects
randomly two trees from the current forests and updates their structure. The MCMC
randomly samples the observation space by a large user-deﬁned number of boot-
strap iterations. After standardizing the training data to a standard normal distri-
bution, the forest is initialized to a null model, with no contributions assigned for
any observations.
At each iteration, the algorithm randomly selects two trees in the forest and
randomizes their structure. That is, it randomly re-selects ﬁrst two features which
the tree uses for splitting, the value at which the tree splits those features, the third
feature used for contribution calculation, and the multiplicative and additive con-
stants applied to the third feature. The total forest contribution is then recalculated
and a Metropolis-Hastings acceptance step is used to determine if the update is
accepted. The predicted likelihood of the previous forest (Li) and the likelihood of
the forest with the two updated trees (Li+1) were calculated. If eðLiLiþ 1Þ is greater
than a uniformly distributed random real number within unit interval, the update is
accepted. If the update is accepted, the two trees are kept in the forest, otherwise
they are discarded and the forest remains unchanged. After a set fraction of the total
number of iterations to allow the forest to learn the target distribution (generally
20 %), the algorithm begins storing forests at a ﬁxed interval, i.e. once every set
number of iterations. Once the number of user-deﬁned iterations is reached, the
forest is re-initialized as before, and the iterative process restarts. Again, after the set
burn-in period, the forests begin to be saved at a ﬁxed interval. The ﬁnal result of
this algorithm is a set of forests, each of which will contribute to the ﬁnal model
classiﬁcation. The flowchart of the RF algorithm is shown in Fig. 27.3.
396 27 Signal Processing: False Alarm Reduction
27.5 Study Analysis
The RF model was optimized on the training set and evaluated for out-of-sample
accuracy on the test set. During the training phase, a model of 320 forests with 500
trees in each forest was established. The output of the model provides a probability
between 0 and 1, which is an estimated value equivalent to a false or true alarm
respectively. The receiver operating characteristic (ROC) curve was extracted by
raising the threshold on the probability where we switch from false to true from 0 to
1—i.e. the probability greater than the threshold indicates a true alarm and below
(or equal) indicates a false alarm. The optimal operating point was selected at the
ROC curve when sensitivity equals 1 (no true alarm suppression) with the largest
speciﬁcity. However, a sub-optimal operating point was also selected with
acceptable sensitivity to balance speciﬁcity, e.g. sensitivity equals 99 %. (The
reason for this is that anecdotally, clinical experts have indicated a 1 % true alarm
suppression rate (or increase in true alarm suppression rate) would be acceptable—
see discussion in study conclusions.) The model was then evaluated on the test set
with the selected operating points.
Fig. 27.3 The flowchart of
the random forests algorithm
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In the algorithm validation phase, the classiﬁcation performance of the algorithm
was evaluated using 10-fold cross validation. The process sorted the study dataset
into ten folds randomly stratiﬁed by ICU admissions rather than by the alarms.
Then, nine folds were used for training the model and the last fold was used for
validation. This process was repeated ten times as one integral procedure, with each
of the folds used exactly once as the validation data. The average performance was
used for evaluation. We note however, that this may be suboptimal and a voting of
all folds may produce a better performance.
27.6 Study Visualizations
The ROC curve on the training set is shown in Fig. 27.4. The optimal operating
point (marked by a circle) shows sensitivity 100.0 % and speciﬁcity 24.5 %,
indicating we suppress 24.5 % of the false alarms without true alarm suppression.
The sub-optimal operating point (marked by a star) shows a sensitivity 99.2 % and
speciﬁcity 53.3 %, indicating a false alarm reduction of 53.3 % with only a 0.8 %
true alarm suppression rate. When the model was used on the test set by the optimal
Fig. 27.4 ROC curve for the
training set. Circle indicates
optimal operating point (in
terms of clinical acceptability)
and star a sub-optimal
operating point which may in
fact be preferable












99.00 99.06 ± 0.04 56.41 ± 5.60 95.82 ± 5.62 51.68 ± 16.88
99.50 99.56 ± 0.04 49.08 ± 5.37 96.50 ± 5.39 45.19 ± 17.94
99.60 99.66 ± 0.04 43.49 ± 6.45 98.72 ± 2.06 38.14 ± 17.25
99.70 99.75 ± 0.03 39.50 ± 7.39 98.75 ± 2.08 32.07 ± 16.19
99.80 99.87 ± 0.02 34.57 ± 9.02 98.87 ± 2.11 28.16 ± 15.80
100.0 100.0 ± 0.00 27.85 ± 6.17 99.04 ± 2.02 18.10 ± 9.87
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operating point, a sensitivity of 99.7 % and a speciﬁcity of 17.0 % were achieved,
with a sensitivity of 99.5 % and a speciﬁcity of 44.2 % for the sub-optimal oper-
ating point. The result of 10-fold cross validation with different options of operating
points is shown in Table 27.2.
27.7 Study Conclusions
We show here that a promising approach to suppression of false alarms appears to
be through the use of multivariate algorithms, which fuse synchronous data sources
and estimates of underlying quality to make a decision. False VT alarms are the
most difﬁcult to suppress without causing any true alarm suppression since the ABP
and PPG waveforms may have morphology changes indicating the hemodynamics
changes during VT. We also show that a random forests-based model can be
implemented with high conﬁdence that few true alarms would be suppressed
(although it’s impossible to say ‘never’). A practical operating point can be selected
by changing the threshold of the model in order to balance the sensitivity and
speciﬁcity. We note that the best previously reported results on VT alarms were by
Aboukhalil et al. [14] and Sayadi and Shamsollahi [28] who achieved false VT
alarm suppression rates of 33.0 and 66.7 % respectively. However, the TA sup-
pression rates they achieved (9.4 and 3.8 % respectively) are clearly too high to
make their algorithms acceptable for this category of alarm. Compared with our
previous studies using some common machine learning algorithms such as support
vector machine [22] and relevance vector machine [23], the random forests algo-
rithm, which fused the features extracted from synchronous data sources like ECG,
ABP and PPG, provided lower TA suppression rates and higher FA suppression
rates. Moreover, a systematic validation procedure, such as k-fold cross validation,
is necessary to evaluate the algorithm and we note that earlier works did not follow
such a protocol. Without such validation, it is hard to believe that the algorithm will
work well on unseen data because of overﬁtting. This is extremely important to
note, that even a 0 % true alarm suppression is unlikely to always hold, and so a
small true alarm suppression is likely to be acceptable. In private discussions with
our clinical advisors, a ﬁgure of 1 % has often been suggested. In the work pre-
sented here, we show that with just half a percent of true alarms being suppressed,
almost half of the false alarms can be suppressed. This true alarm suppression rate is
likely to be negligible compared to the actual number of noise-induced missed
alarms from the bedside monitor itself. (No monitor is perfect, and false negative
rates of between 0.5 and 5 % have been reported [35].) We also note that the
algorithm proposed here used 10 s of data before the alarm only, which meets the
10 s requirement of AAMI standard [27]. In recent work from the
PhysioNet/Computing in Cardiology Challenge 2015, it was shown that extending
this window slightly can lead to signiﬁcant improvements in false alarm suppres-
sion [36]. Although the regulatory bodies would need to approve such changes, and
that is often seen as unlikely, we do note that the 10 s rule is somewhat arbitrary
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and such work may indeed influence the changes in regulatory acceptance. We note
several limitations to our study. First, the number of alarms is still relatively low,
and they come from a single database/manufacturer. Second, medical history,
demographics, and other medical data were not available and therefore used to
adjust thresholds. Finally, information concerning repeated alarms was not used to
adjust false alarm suppression dynamically based on earlier alarm frequency during
the same ICU stay. This latter point is particularly tricky, since using earlier alarm
data as prior information can be entirely misleading when false alarm rates are
non-negligible.
27.8 Next Steps/Potential Follow-Up Studies
The issue of false alarms has disturbed the clinical patient monitoring and monitor
manufacturers for many years, but the alarm handling has not seen the same pro-
gress as the rest of medical monitoring technology. One important reason is that in
the current legal and regulatory environment, it may be argued that manufacturers
have external pressures to provide the most sensitive alarm algorithms, such that no
critical event goes undetected [4]. Equally, one could argue that clinicians also have
an imperative to ensure that no critical alarm goes undetected, and are willing to
accept large numbers of false alarms to avoid a single missed event. A large number
of algorithms and methods have emerged in this area [4, 14, 17–24, 28, 37, 38].
However, most of these approaches are still in an experimental stage and there is
still a long way to go before the algorithms are ready for clinical application.
The 2015 PhysioNet/Computing in Cardiology Challenge aimed to encourage
the development of algorithms to reduce the incidence of false alarms in ICU [36].
Bedside monitor data leading up to a total of 1250 life-threatening arrhythmia
alarms recorded from three of the most prevalent intensive care monitor manu-
facturers’ bedside units were used in this challenge. Such challenges are likely to
stimulate renewed interest by the monitoring industry in the false alarm problem.
Moreover, the engagement of the scientiﬁc community will draw out other subtle
issues. Perhaps the three key issues remaining to be addressed are: (1) Just how
many alarms should be annotated and by how many experts? (see Zhu et al. [39] for
a detailed discussion of this point); (2) How should we deal with repeated alarms,
passing information forward from one alarm to the next?; and (3) What additional
data should be supplied to the bedside monitor as prior information on the alarm?
This could include a history of tachycardia, hypertension, drug dosing, interven-
tions and other related information including acuity scores. Finally, we note that life
threatening alarms are far less frequent than other less critical alarms, and by far the
largest contributor to the alarm pollution in critical care comes from these more
pedestrian alarms. A systematic approach to these less urgent alarms is also needed,
borrowing from the framework presented here. More promisingly, the tolerance of
true alarm suppression is likely to be much higher for less important alarms, and so
we expect to see very large false alarm suppression rates. This is particularly
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important, since the techniques described here are general and could apply to most
non-critical false alarms, which constitute the majority of such events in the ICU.
Although the competition does not directly address these four points (and in fact the
data needed to do so remains to become available in large numbers), the compe-
tition will provide a stimulus for such discussions and the tools (data and code) will
help continue the evolution of the ﬁeld.
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